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,QWURGXFWLRQ
3RZHUDQGKHDWDUHLQWHJUDOSDUWRIPRGHUQZRUOGWKDWLVZK\VXVWDLQDEOHHQHUJ\V\VWHPVDYDLODELOLW\RIUHVRXUFHVDQG
GHFUHDVLQJJUHHQKRXVHJDV*+*HPLVVLRQVDUHYLWDOSUREOHPVWRGHDOZLWK(QHUJ\VHFWRUHPLWVRI*+*DQG
RI&2WKDWLVZK\LWGHPDQGVIRFXV6XVWDLQDEOHHQHUJ\V\VWHPVDUHDNH\VROXWLRQWR*+*UHGXFWLRQ>@
7RGHFLGHZKLFKHQHUJ\V\VWHPLVVXVWDLQDEOHDQGZKLFKLVQRWUHTXLUHGFRPSUHKHQVLYHDQDO\VLV7UDGLWLRQDOO\
DQDO\]LQJ HQHUJ\SURGXFWLRQ V\VWHPV WKH HQHUJ\PDVV IORZDQGHFRQRPLF DQDO\VLVPHWKRGV DUHXVHG+RZHYHU
PHWKRGZKLFKFRXOGGHILQHVXVWDLQDELOLW\RIHQHUJ\SURGXFWLRQV\VWHPPXVWLQFOXGHHQYLURQPHQWDODQGVRFLDODVSHFWV
>±@
(PHUJ\ DQDO\VLV LQFOXGHV DOO EHIRUH PHQWLRQHG DVSHFWV RI V\VWHP WKDW VKRXOG EH XVHG WR GHILQH V\VWHPV
VXVWDLQDELOLW\DQGLWLVXVHGWRDQDO\]HHQHUJ\SURGXFWLRQV\VWHPVEHIRUH+RZDUG72GXPWKHFUHDWRURIHPHUJ\
WKHRU\GHILQHGLWDVWKHDYDLODELOLW\RIHQHUJ\H[HUJ\RIRQHNLQGWKDWLVXVHGXSLQWUDQVIRUPDWLRQVGLUHFWO\DQG
LQGLUHFWO\ WRPDNHDSURGXFWRUVHUYLFH6RODUHPMRXOHDEEUHYLDWHGVH-LV WKHXQLWRIHPHUJ\ZKLFKUHIHUV WR WKH
DYDLODEOHHQHUJ\FRQVXPHGLQWUDQVIRUPDWLRQV)RUH[DPSOHHYHU\LQSXWRIV\VWHPOLNHZDWHUFRQVXPSWLRQHOHFWULFLW\
ODERULQYHVWPHQWHWFFDQEHWUDQVIRUPHGLQVRODUHPMRXOHV7UDQVIRUPLW\LVFRHIILFLHQWWKDWFRQYHUWVYDOXHRILQSXWV
LQWRVRODUHPMRXOHVDQGLWLVGHILQHGDVHPHUJ\LQSXWSHUXQLWRIDYDLODEOHHQHUJ\H[HUJ\RXWSXW)RUH[DPSOHLI
VH-DUHUHTXLUHGWRJHQHUDWHDMRXOHRIZLQGWKHQWKHWUDQVIRUPLW\RIZLQGLVVRODUHPMRXOHVSHUMRXOHDEEUHYLDWHG
VH--%\GHILQLWLRQWUDQIRUPLW\RIWKHVXQOLJKWDEVRUEHGE\HDUWKLV>±@
7KHUHDUHDOVRRWKHUFRPPRQO\XVHGWHUPVDVVSHFLILFHPHUJ\WKDWLVGHILQHGDVWKHHPHUJ\SHUXQLWPDVVRXWSXW
DQGXVXDOO\H[SUHVVHGDVVRODUHPHUJ\SHUJUDPDEEUHYLDWHGVH-J(PHUJ\SHUXQLWPRQH\DEEUHYLDWHGVH-¼KHOSV
WRH[SUHVVHFRQRPLFSURGXFWWRHPHUJ\0RQH\LVSDLGWRODERUIRUVHUYLFHVDQGLQYHVWPHQWDQGLWLVLPSRUWDQWWR
LQFOXGHWKHVHLQSXWVLQWRV\VWHPDQDO\VLV>@
(PHUJ\ DQDO\VLV LQ HQHUJ\ SURGXFWLRQ V\VWHP KDV XVHG EHIRUH %URZQ DQG 8OJLDWL >@ KDYH FRPSDUHG ZLQG
JHRWKHUPDODQGK\GURHQHUJ\LQHOHFWULFLW\SURGXFWLRQZLWKWKUHHIRVVLOIXHOILUHGSRZHUSODQWV3HQJHWDO>@XVHG
HPHUJ\WRDQDO\]HFRDOILUHGFRJHQHUDWLRQSODQWLQDQHFRLQGXVWULDOSDUN6KDDQG+XUPH>@KDYHDQDO\]HGELRPDVV
ILUHGFRJHQHUDWLRQSODQWLQ)LQODQG
7KLV LV WKHILUVW UHVHDUFKZKHUHELRPDVVILUHGFRJHQHUDWLRQSODQW LQ/DWYLD LVDQDO\]HGXVLQJHPHUJ\DSSURDFK
'XULQJDQDO\VLVWUDQVIRUPLW\FRHIILFLHQWRIZRRGFKLSVSURGXFWLRQZDVFDOFXODWHG$QDO\VLVRIELRPDVVILUHG&+3LQ
/DWYLDFRXOGOHDGWRSRVVLELOLW\WRDQDO\]HDOOHQHUJ\VHFWRULQ/DWYLD
0HWKRGRORJ\
(PHUJ\DQDO\VLVZDVDSSOLHGWRELRPDVVFRJHQHUDWLRQSODQWLQ/DWYLD7KHSRZHUSODQWLQSXWIXHODUHZRRGFKLSVDQG
LWVSRZHULV0:EXWWKHSHDWFDQEHXVHGDVDIXHOLQSRZHUSODQWWRR)OXLGL]HGEHGERLOHUPHWKRGLVXVHGIRUEXUQLQJ
IXHOIURPELRPDVV7KHSRZHURIHOHFWULFLW\SURGXFWLRQLV0:DQGWKHSRZHURIKHDWSURGXFWLRQLV0:7RWDO
HIILFLHQF\RISRZHUSODQWLV6WHDPWHPSHUDWXUHLQWKHSRZHUSODQWLV&VWHDPSUHVVXUHLVEDUDQGVWHDP
IORZLVWK)LJXUHVKRZVEDVLFSULQFLSOHRIWKHSRZHUSODQWRSHUDWLRQ

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)LJ3RZHUSODQWRSHUDWLRQVFKHPH
0DLQSDUWVRIWKHSRZHUSODQWDUHERLOHUGUXPWXUELQHGLUHFWKHDWLQJQHWZRUNDQGOLTXLGFRROHUV:DWHUIRUWKH
SRZHUSODQWFRPHVIURPWRZQV¶GULQNLQJZDWHUV\VWHPEXWEHIRUHXVLQJLWLQWKHSRZHUSODQWZDWHUJRHVWKURXJK
ZDWHUWUHDWPHQWV\VWHP:RRGFKLSVDUHXVHGDVDIXHOLQWKHSRZHUSODQWDQGLW LVVXSSOLHGIURPORFDOSURGXFHUV
0RLVWXUHRIZRRGFKLSVFRQWHQWLVDQGORZHUFDORULILFYDOXHLVN-NJ$VKFRQWHQWLQELRPDVVLV
2[\JHQIRUFRPEXVWLRQSURFHVV LV WDNHQIURPRXWVLGHDLUDQGLW LVSUHKHDWHGEHIRUH 7RHQVXUHERLOHUV¶RSHUDWLRQ
QDWXUDOJDVLVXVHGDVDGGLWLRQDOIXHO,WFDQEHXVHGZKHQVWDUWLQJERLOHUDQGZKHQZRRGFKLSV¶PRLVWXUHFRQWHQWLV
WRRKLJKWRHQVXUHQRUPDORSHUDWLRQRIDERLOHU6DQGLQERLOHULVXVHGIRUIOXLGL]HGEHG
(PHUJ\DQDO\VLVFRQVLVWRIIRXUSDUWV>@

x 6\VWHPGLDJUDP
x (PHUJ\WDEOH
x (PHUJ\LQGLFDWRUV
x $QDO\VLQJUHVXOWV

)LUVWO\V\VWHPGLDJUDPQHHGVWREHFUHDWHG7RPDNHDFFXUDWHDQDO\VLVH[SORUHGV\VWHPKDVWREHVWXGLHGKDUG,W
LVLPSRUWDQWWRGHILQHWKHPRVWLPSRUWDQWLQSXWVRXWSXWVDQGFRPSRQHQWVRIV\VWHP)LJXUHVKRZVFUHDWHGV\VWHP
GLDJUDPRIVWXGLHGELRPDVV&+3>@


)LJ6\VWHPGLDJUDPRIVWXGLHGELRPDVV&+3
 Toms Prodanuks et al. /  Energy Procedia  95 ( 2016 )  366 – 371 369
2XWVLGH UHFWDQJOHDOO LQSXWVDUH VKRZQ LQVLGH UHFWDQJOHDOO FRPSRXQGVRI V\VWHPDQG IORZVEHWZHHQ WKHPDUH
VKRZQ7KUHHRXWSXWVHOHFWULFLW\KHDWDQGDVKHVDUHVKRZQDVEODFNDUURZZKLFKJRHVRXWRIV\VWHP
1H[WVWHSLQHPHUJ\DQDO\VLVLVWRFUHDWHDQHPHUJ\WDEOH$LPRIWKHHPHUJ\WDEOHLVWROLQNXSDOOFRPSRXQGVRI
WKHV\VWHPIRUIXUWKHUDQDO\VLV(PHUJ\WDEOHFRQVLVWVRIVL[SDUWVV\PEROLWHPXQLWYDOXHWUDQVIRUPLW\DQGHPHUJ\
>@$OOPHQWLRQHGSDUWVIRUVWXGLHGELRPDVV&+3DUHVKRZQLQ7DEOH
7DEOH(PHJ\WDEOH
6\PERO ,WHP 8QLW 9DOXHXQLW\HDU 7UDQVIRUPLW\VH-XQLW (PHUJ\VH-\HDU
ܴ 5HQHZDEOHUHVRXUFHV
 :RRGFKLSV - ή ή ή
 :DWHU J ή ή ή
 $LU J ή ή ή
ܰ 1RQUHQHZDEOHUHVRXUFHV
 1DWXUDOJDV - ή ή ή
 6DQG J ή ή ή
ܨ 6HUYLFHV
 (OHFWULFLW\ - ή ή ή
 +HDW - ή ή ή
 &KHPLFDOV J ή ή ή
 7UDQVSRUW J ή ή ή
 ,QYHVWPHQW (85 ή ή ή
 ([SORLWDWLRQ (85 ή ή ή
 /DERXU (85 ή ή ή
ܻ 2XWSXW
 (OHFWULFLW\ - ή ή ή
 +HDW - ή ή ή
 $VKHV J ή ή ή

7KHPRVWLPSRUWDQWSDUWRIHPHUJ\DQDO\VLVWRJHWDFFXUDWHUHVXOWVLVILQGLQJVXLWDEOHWUDQVIRUPLW\FRHIILFLHQW,Q
WKLVVWXG\WUDQVIRUPLW\IRUZRRGFKLSVZKLFKXVHVWKHELJJHVWYDOXHRIHPHUJ\ZDVFDOFXODWHGEXWRWKHUWUDQVIRUPLWLHV
ZHUHWDNHQIURPFRUUHVSRQGLQJVRXUFHV
(PHUJ\LQGLFDWRUVDUHXVHGQH[WWRDQDO\]HWKHV\VWHP6HYHUDOLQGLFDWRUVZHUHXVHGLQWKLVVWXG\(PHUJ\\LHOG
UDWLR(<5GHVFULEHVGLIIHUHQWSURGXFWLRQSURFHVVHV,IUHQHZDEOHDQGQRQUHQHZDEOHXVDJHDUHELJJHUWKDQVHUYLFHV
V\VWHP LVPRUH RULHQWHG RQ ORFDO UHVRXUFHV(PHUJ\ \LHOG UDWLRGHILQHV V\VWHP DV SULPDU\ SURGXFWLRQ VHFRQGDU\
SURGXFWLRQRUVHUYLFH(QYLURQPHQWDO ORDGLQJUDWLR(/5GHVFULEHVXVDJHRIHQYLURQPHQWDOVHUYLFHVDQGV\VWHPV¶
ORDGRQHQYLURQPHQW ,I(/5LVVPDOOHU WKH ORDGRQHQYLURQPHQW LVVPDOOHU(PHUJ\VXVWDLQDELOLW\ LQGH[(6, LV
UHODWLRQEHWZHHQ(<5DQG(/5(6,GHVFULEHVVXVWDLQDELOLW\RIV\VWHP(6,YDOXHKLJKHUWKDQGHILQHVWKDWVWXGLHG
V\VWHP LV VXVWDLQDEOH %LJJHU (6, YDOXH PHDQV V\VWHP LV PRUH VXVWDLQDEOH (PSRZHU GHQVLW\ (' UHQHZDEOH
SHUFHQWDJH5DQGHPHUJ\LQYHVWPHQWUDWLR(,5DOVRLVXVHGLQWKLVVWXG\>@7DEOHVKRHVHPHUJ\LQGLFDWRU
YDOXHVRIVWXGLHGV\VWHP
7DEOH(PHUJ\LQGLFDWRUV
1DPH 6\PERO 9DOXH
(PHUJ\\LHOGUDWLR (<5 
(QYLURQPHQWDOORDGLQJUDWLR (/5 
(PHUJ\VXVWDLQDELOLW\LQGH[ (6, 
(PHUJ\GHQVLW\ (' ήVH-P
5HQHZDEOHSHUFHQWDJH 5 
(PHUJ\LQYHVWPHQWUDWLR (,5 
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5HVXOWV
,QVWXGLHGELRPDVV&+3WRSURGXFHRQHMRXOHRIHOHFWULFLW\ÂVRODUDQGHPMRXOHVDQGÂVRODUHPMRXOHV
WRSURGXFHRQHMRXOHRIKHDW,Q7DEOHVWXGLHGELRPDVV&+3LVFRPSDUHGZLWKRWKHUELRPDVVDQGFRDO&+3VZKLFK
ZHUHVWXGLHGLQ6KDDQG+XUPH>@
7DEOH&RPSDULVRQRI&+3UHVXOWV
 6WHDP 7UDQVIRUPLW\IRUHOHFWULFLW\VH-- 7UDQVIRUPLW\IRUKHDWVH--
%LRPDVV&+30:VWXGLHG EDU& ή
 ή
%LRPDVV&+30: EDU& ή
 ή
%LRPDVV&+30: EDU& ή
 ή
&RDO&+30: EDU& ή
 ή
&RDO&+30: EDU& ή
 ή

5HVXOWVVKRZWKDWLQVWXGLHGELRPDVV&+3WUDQVIRUPLW\IRUHOHFWULFLW\DQGKHDWLVELJJHUWKDQDOORWKHU&+3VWXGLHG
LQRWKHUUHVHDUFK5HDVRQIRUWKLVGLVFUHSDQF\FRXOGEHGLIIHUHQFHLQWUDQVIRUPLWLHVXVHGLQFDOFXODWLRQ7UDQVIRUPLW\
IRUZRRGFKLSVZKLFKLVWKHPDLQLQSXWLQWKLVV\VWHPDQGZKLFKYDOXHZDVÂZDVFDOFXODWHGHVSHFLDOO\IRU
/DWYLDKRZHYHU7UDQVIRUPLW\IRUZRRGFKLSVLQ6KDDQG+XUPHUHVHDUFKZDVDVVXPHGDVWUDQVIRUPLW\IRUELRPDVV


)LJ5HODWLRQVEHWZHHQLQSXWV
5HQHZDEOHUHVRXUFHVDQGVHUYLFHDUHWZRPRVWLPSRUWDQWLQSXWVLQWKHVWXGLHGV\VWHP1RQUHQHZDEOHUHVRXUFHV
DUHLQVLJQLILFDQW
5HVXOWVRIHPHUJ\LQGLFDWRUVLQGLFDWHVWKDWVWXGLHGV\VWHPLVVHFRQGDU\SURGXFWLRQV\VWHPEHFDXVHRIKLJKUDWLRRI
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